The enzyme level profiles of some regulatory enzymes and the isozyme patterns of some marker enzymes in bovine adult specialized, adult ordinary and fetal ordinary heart muscles were examined in order to biochemically characterize specialized heart muscle.
The carnitine content was measured by the method of Marquis and Fritz.18) The supernatant was boiled for 5 min and centrifuged at 3,000r.p.m. for 15min, and the soluble fraction was used for its determination.
All spectrophotometric measurements were made using a Hitachi spectrophotometer, model 624.
RESUL
To compare the biochemical characteristics of specialized and ordinary heart muscles, we measured the levels of some enzymes related to glucose metabolism in bovine adult and fetal heart muscles.
Hexokinase (EC 2.7.1.1) and phosphofructokinase (EC 2.7.1.11) are rate-limiting enzymes in glycolysis, 19) and their contents in mammalian tissues are known to change during differentiation.20) As shown in Table I , the specific activities of hexokinase and phosphofructokinase of adult specialized heart muscle were 4 and 2 times higher, respectively, than those of adult ordinary heart muscle, and were almost the same as those of fetal ordinary heart muscle. These results suggest that specialized heart muscle has high glycolytic activity.
The main energy source of adult heart muscle is free fatty acid, while that of fetal heart muscle is glucose because of the low content of carnitine in the tissue.21) To determine the primary energy source of adult specialized heart muscle, we measured the carnitine contents and specific activities of carnitine acetyltransferase (EC 2.3.1.7) in adult specialized and ordinary heart muscles. The carnitine content of adult specialized heart muscle was half that of adult ordinary heart muscle and its carnitine acetyltransferase activity was one third of that of the latter, as shown in Table II . Since carnitine and carnitine acetyltransferase, which are essential for the metabolism of free fatty acid, 21, 22) were present at lower levels in adult specialized heart muscle, the primary energy source of this muscle is presumably glucose, rather than fatty acid.
The glycerol-phosphate shunt is of minor significance in mammalian adult heart, because the enzyme level of flavin-linked glycerol-3-phosphate dehydrogenase (EC 1.1.99.5) is low in mitochondria of the tissue.23) We measured the specific activity of flavin-linked glycerol-3-phosphate dehydrogenase in mitochondria of adult specialized and ordinary heart muscles. As shown in Table II , the specific activity of the enzyme in adult specialized heart muscle was twice that in adult ordinary heart muscle. This result is also consistent with the fact that the main energy source in adult specialized heart muscle is glucose. G-6-P dehydrogenase (EC 1.1.1.49) is a regulatory and inducible enzyme in the pentose-phosphate cycle.24)-26) The level of G-6-P dehydrogenase is known to be low in adult mammalian heart muscle,27),28) but high in fetal heart muscle.28) As shown in Table I , the specific activity of G-6-P dehydrogenase of adult specialized heart muscle was 18 times higher than that of adult ordinary heart muscle, and was almost the same as that of fetal ordinary heart muscle. The high activity of G-6-P dehydrogenase in adult specialized heart muscle indicates high metabolic activity of the pentose-phosphate cycle in this tissue, because the enzyme is the rate-limiting enzyme in this cycle.
To characterize specialized heart muscle in the developmental aspect, we examined the isozyme patterns of three enzymes that are known to change during differentiation. Creatine kinase (EC 2.7.3.2) is dimeric and exists in three forms; MM, MB and BB.29) During the fetal development of mammals, isozyme BB appears first in all tissues. During further development of the mammalian heart, isozyme BB is gradually lost and isozyme MM appears and comes to be predominant.30) Table III shows the proportions of the isozymes of bovine heart separated by starch grain zone electrophoresis. Adult ordinary heart muscle gave two bands: a main band of isozyme MM (96%) and a minor band of isozyme MB (4%). Adult specialized heart muscle gave three bands of isozyme MM (81%), isozyme MB (10%) and isozyme BB (9%). Fetal ordinary heart muscle also gave three bands of isozyme MM (78%), isozyme MB (20%) and isozyme BB (2%). Thus, isozyme BB occurred in adult specialized heart muscle, as it does in fetal ordinary heart muscle.
Fructose-bisphosphate aldolase (EC 4.1.2.13) is tetrameric and is present in three forms; A, B and C in mammalian tissues.31) The isozymes can be distinguished by their activity ratios for two substrates; F-1,6-P2, and F-1-P, the ratios for forms A, B and C being approximately 50, 1 and 10, respectively.32) In human heart isozyme C is replaced by isozyme A during fetal development.33) As shown in Table IV , the ratios in adult specialized and fetal ordinary heart muscles were 11 and 13, respectively. Thus adult specialized heart muscle, like fetal ordinary heart muscle, contains isozyme C exclusively. On the other hand, the ratio in adult ordinary heart muscle was 41, this muscle containing isozyme A exclusively.
Pyruvate kinase (EC 2.7.1.40) is tetrameric and its three isozymes; M1, M2 and L are separated in mammalian tissues.34) The development of heart muscle is accompanied by a switch from expression of isozyme M2 to that of isozyme M1.35) Table V shows the proportions of the isozymes in bovine heart separated by acrylamide gel electrophoresis.
The main component of fetal ordinary heart muscle was isozyme M2 (83%) and that of adult ordinary heart muscle was isozyme M1 (81%), while adult specialized heart muscle contained isozyme M1 (48%) and isozyme M2 (52%). Thus, specialized heart muscle of adult animals seems to retain genetic expression of isozyme M2.
These results on the isozyme patterns suggest that adult specialized heart muscle has biochemical features of undifferentiated ordinary heart muscle.
DISCUSSI
The main functions of specialized heart muscle are generation and conduction of impulses, while that of ordinary heart muscle is contraction. Adult heart muscles are composed mainly of two kinds of myocytes of the contractile and conduction systems, whereas fetal heart muscle is not differentiated clearly into these two systems.36)-39) Myocytes of fetal heart have spontaneous beating activity,40) whereas those of the contractile system in adult heart contract only in response to impulses. 41) In this study, we examined the biochemical characteristics of bovine specialized heart muscle in the developmental aspect.
Hexokinase and phosphofructokinase are rate-limiting enzymes in glycolysis in adult and fetal mammalian tissues, because both enzymes are regulated by various metabolic intermediates and participate in nonequilibrium steps of the metabolic pathway.19),42) The levels of both enzymes are high in the early stage of fetal development in rats and decrease gradually during fetal development to constant levels several weeks after birth.20) Carnitine stimulates the oxidation of fatty acid by functioning as a carrier of acyl groups from extramitochondrial to intramitochondrial sites of oxidation of fatty acid.43) We found that adult specialized heart muscle contained higher levels of hexokinase and phosphofructokinase, but a lower content of carnitine and lower level of carnitine acetyltransferase than adult ordinary heart muscle. Therefore, adult specialized heart muscle seems to have a greater capacity than ordinary heart muscle to oxidize glucose for energy production. This metabolic feature of adult specialized heart muscle is similar to that of fetal ordinary heart muscle.
The transport of reducing equivalents into mitochondria is important for the metabolic functions of energy. Since the mitochondrial membrane is impermeable to NADH, extramitochondrial NADH is not oxidized in mitochondria.44) Therefore, the glycerol-phosphate shunt is important in energy metabolism.45) We found that flavin-linked glycerol-3-phosphate dehydrogenase is present at significantly higher levels in adult specialized heart muscle than in adult ordinary heart muscle. This finding supports the idea that the glycerol-phosphate shunt in adult specialized heart muscle is of major significance in the transport of NADH into mitochondria coupled with oxidation of glucose.
G-6-P dehydrogenase is a regulatory and inducible enzyme,24)-26) and it controls the activity of the pentose-phosphate cycle. Its level is low in adult, but high in fetal mammalian hearts and in hearts with pathological damages. 21),28),46), 47) We found that the level of G-6-P dehydrogenase was much higher in adult specialized heart muscle than in adult ordinary heart muscle, and was almost the same as that in fetal ordinary heart muscle. Metabolic regulation by G-6-P dehydrogenase controls the generation of NADPH and the synthesis of ribose-5-phosphate.26) The former is required for the synthesis of fatty acids and steroids, the metabolism of drugs and the formation of reduced glutathione,26),46) while the latter is required for the synthesis of nucleotides. We found that the ratios of the content of GSH to that of GSSG in adult specialized and adult ordinary heart muscle were 8.7 and 3.4, respectively (not shown). Thus, the ratio in adult specialized heart muscle was 2.5 times that in adult ordinary heart muscle. Therefore, the high level of G-6-P dehydrogenase in adult specialized heart muscle is probably related to main-tenance of the tissue in a more reduced state and protection of the tissue from peroxidative damage.
Histochemical studies of enzymes in bovine specialized heart muscle have been reported from several laboratories.49)-51) However, there are some discrepancies between the histochemical findings of the level of glycolytic enzyme in Purkinje fibers.50),51) Further investigation in detail is required.
Change of isozyme pattern is a marker of differentiation. During fetal development of the mammalian heart, the isozyme patterns of creatine kinase, fructose-bisphosphate aldolase, and pyruvate kinase show characteristic changes: changes from creatine kinase isozyme BB to isozyme MM,30) from fructose-bisphosphate aldolase isozyme C to isozyme A33) and from pyruvate kinase M2 to isozyme M1.35) We demonstrated that creatine kinase isozyme BB, fructose-bisphosphate aldolase isozyme C and pyruvate kinase isozyme M2 were present in significant amounts in adult specialized heart muscle, but not in adult ordinary heart muscle. These findings suggest that the biochemical features of adult specialized heart muscle resemble those of undifferentiated ordinary heart muscle.
